The Epstein-Barr nuclear antigen 3A (EBNA3A) is one of only six viral proteins essential for Epstein-Barr virus-induced transformation of primary human B cells in vitro. Viral proteins such as EBNA3A are able to interact with cellular proteins, manipulating various biochemical and signalling pathways to initiate and maintain the transformed state of infected cells. EBNA3A has been reported to have one nuclear-localization signal and is targeted to the nucleus during transformation, where it associates with components of the nuclear matrix. By using enhanced green fluorescent protein-tagged deletion mutants of EBNA3A in combination with site-directed mutagenesis, an additional five functional nuclear-localization signals have been identified in the EBNA3A protein. Two of these (aa 63-66 and 375-381) were computer-predicted, whilst the remaining three (aa 394-398, 573-578 and 598-603) were defined functionally in this study.
Epstein-Barr virus (EBV) infects over 90 % of the human population and has been linked to numerous benign and malignant diseases of lymphocytes and epithelial cells, such as infectious mononucleosis, nasopharyngeal carcinoma and Burkitt's lymphoma (Macsween & Crawford, 2003) . Transformation of B cells by EBV in vitro generates continuously proliferating lymphoblastoid cell lines, where manipulation of the host cells' biochemical and signalling pathways may lead to oncogenic changes in these cells (Young & Murray, 2003) . The entire EBV genome encodes more than 100 gene products; however, only nine viral proteins are expressed in EBV-transformed cells and, therefore, these proteins are thought to be responsible for the transformation process (Okano & Gross, 1996; Rowe et al., 1989) . Significantly, the use of recombinant viruses has shown that only six of these proteins are essential for transforming B cells, including Epstein-Barr nuclear antigen 3A (also known as EBNA3) (Tomkinson et al., 1993) . EBNA3A, a nuclear phosphoprotein of 944 aa, has been shown to interact with RBP-Jk, a cellular transcription factor in the Notch pathway that regulates lymphoid development and function (Tamura et al., 1995; Zhao et al., 1996) . More recently, EBNA3A has been shown to bind a transcriptional regulator called the co-repressor carboxyl terminal-binding protein (CtBP), as well as the cell-cycle protein Chk2 (Krauer et al., 2004a; Touitou et al., 2001) . EBNA3A is targeted to the nucleus and associates with nuclear substructures, processes that are likely to be important for the function of EBNA3A and fundamental to the transformation process (Cludts & Farrell, 1998; Tomkinson et al., 1993) .
Nucleocytoplasmic transport occurs through the nuclear pore complex (NPC) and macromolecules larger than 40-60 kDa can only enter the nucleus by active transport, a process commonly facilitated by soluble nuclear receptors. There are three main classes of nuclear receptors; however, they all operate via a similar mechanism involving recognition of a protein's nuclear-localization signal (NLS) sequence. The receptor-protein complex then interacts with components of the NPC to allow the passage of receptor-protein complexes (Weis, 2003) . Classical NLS sequences are often short (fewer than 12 aa) and usually consist of one (monopartite) or two (bipartite) clusters of basic amino acids (Hodel et al., 2001) , although glycine-rich regions (Cokol et al., 2000) and RGR motifs (Claus et al., 2003) have also been shown to facilitate nuclear localization. Two of the most common types of NLS are pattern 4 and pattern 7. Pattern 4 is composed of either four basic residues or three basic residues and either a proline or histidine. Pattern 7 NLSs begin with a proline and are followed within three residues by three out of four basic residues. Le Roux et al. (1993) used deletion constructs of EBNA3A to identify an NLS essential for the nuclear localization of EBNA3A. However, Krauer et al. (2004b) have shown that an EBNA3A mutant that did not contain the NLS identified by Le Roux et al. to the nucleus, suggesting that the EBNA3A protein contained more than one functional NLS. In this study, we have identified five additional functional NLSs within the EBNA3A protein.
Le Roux et al. (1993) showed that a motif of 10 aa (RDRRRNPASR) between residues 146 and 155 of EBNA3A was involved in the nuclear localization of the protein. These authors suggested that the EBNA3A protein only contained this one functional NLS. However, expression of a truncated EBNA3A protein [that does not contain the NLS defined by Le Roux et al. (1993) ] was shown previously to be nuclear in HeLa cells (Krauer et al., 2004b) , indicating that there must be an additional NLS(s) present within the EBNA3A protein. To identify other potential NLSs within EBNA3A, an analysis was performed by using the PSORT II program (Nakai & Horton, 1999) . The PSORT II program identified two potential NLSs in EBNA3A; a pattern 4 NLS (aa 63-66, NLS1) and a pattern 7 NLS (aa 375-381, NLS3). It is noteworthy that the program did not recognize the functional NLS identified by Le Roux et al. (1993) as a consensus NLS. To identify additional NLSs within EBNA3A, a series of deletion constructs linked to enhanced green fluorescent protein (EGFP) was prepared. These constructs were transfected into HeLa cells and their subcellular localization was determined by confocal microscopy ( Fig. 1 ). All expressed proteins were found in the nucleus of cells (EGFP-EBNA3A 820-944 was both cytoplasmic and nuclear, with a pattern similar to that of EGFP alone). These results showed that there must be at least two additional NLSs present in EBNA3A, as both the EGFP-EBNA3A 280-567 and EGFP-EBNA3A 568-819 proteins were nuclear. The integrity of each of the constructs was determined by DNA sequencing and immunoblotting (Fig. 2) .
As NLS3 was present in the EGFP-EBNA3A 280-567 protein, this NLS sequence was mutated by changing PKVKRPP to PKVAAPP and the EGFP-EBNA3A 280-567(K378A,R379A) protein was expressed in HeLa cells. Mutation of NLS3 resulted in the EGFP-EBNA3A 280-567(K378A,R379A) protein being present in both the nucleus and cytoplasm of cells. This result suggested that NLS3 was probably functional, as mutating this site resulted in some protein being excluded from the nucleus; however, it also indicated that there was additional NLS within this sequence, as a significant proportion of the protein was still present in the nucleus (Fig. 3a) . Examination of the amino acid sequence of EBNA3A 280-567 revealed the presence of another motif (RAGKR) that could possibly function as an NLS. The RAGKR motif was mutated, alone and in combination with NLS3, and the resulting mutated proteins were expressed in HeLa cells and their localization was determined by confocal microscopy (Fig. 3a) . The results show that mutation of either NLS3 or the RAGKR motif (hence referred to as NLS4) alone was not sufficient to exclude the EBNA3A 280-567 protein from the nucleus, whereas mutation of both motifs resulted in the EBNA3A 280-567 protein being restricted to the cytoplasm of cells, demonstrating that both motifs were functional NLSs.
There was no potential NLS identified within the EGFP-EBNA3A 568-819 protein by using the PSORT II program (Nakai & Horton, 1999) ; however, there were ten arginine residues present within the first 24 aa of the EBNA3A sequence, suggesting that this was probably the region responsible for the nuclear localization of the protein. PCR was used to generate an EGFP-EBNA3A 592-819 protein (missing the first 24 aa of EGFP-EBNA3A ) and this protein was expressed in HeLa cells and was found to be present in both the cytoplasm and nucleus, in a pattern similar to that observed for EGFP alone (data not shown). This indicated that there was an NLS(s) present within aa 568-592 of EBNA3A. Examination of aa 568-592 revealed two sequences (RRAR and RDRLAR) that could potentially act as NLSs. Each of these sequences was mutated alone or together and the mutated proteins were expressed in HeLa cells and their localization was determined by confocal microscopy. Mutation of either NLS sequence alone resulted in only a small amount of the protein being present in the cytoplasm of cells [indicated by an arrow in Fig. 3(b) ], whereas mutation of both sequences resulted in the protein being excluded from the nucleus, demonstrating that both the RRAR and RDRLAR sequences (hence referred to as NLS5 and NLS6, respectively) were capable of functioning as NLSs (Fig. 3b) .
Next, we determined whether NLS1 was also functional. Because of a lack of appropriate restriction-enzyme sites within the 59 region of the EBNA3A gene sequence, sitedirected mutagenesis was utilized to introduce stop codons into this region. Three consecutive stop codons were introduced into the pEGFP-EBNA3A plasmid following nt 417 of EBNA3A, resulting in expression of the first 139 aa of EBNA3A (EGFP-EBNA3A 1-139 ), which contained NLS1, but not the NLS defined by Le Roux et al. (1993) . Next, the NLS1 sequence was mutated in the EBNA3A 1-139 protein from KRKR to KGGG by using site-directed mutagenesis. All mutations were verified by DNA sequencing. Each construct was transfected into HeLa cells and the cellular localization of the expressed EGFP-tagged proteins was determined by confocal microscopy. The EGFP-EBNA3A 1-139 protein was found to be nuclear, whilst mutation of NLS1 within EGFP-EBNA3A 1-139 resulted in the protein being excluded from the nucleus, demonstrating that NLS1 was indeed functional (Fig. 3c ).
EBNA3A is a hydrophilic, proline-rich, charged protein that is able to interact with the DNA-binding protein RBP-Jk/ RBP-2N (also known as CBF1) (Johannsen et al., 1996; Krauer et al., 1996; Robertson et al., 1996; Young et al., 1997) , which has led to the suggestion that it plays a role in transcriptional regulation (Krauer et al., 1998; Marshall & Sample, 1995) . EBNA3A is essential for in vitro transformation of B lymphocytes and, by using a yeast two-hybrid system, EBNA3A has been shown to bind to proteins such as Xap-2, also known as the p38 subunit of the aryl hydrocarbon receptor complex, and the epsilon subunit of the chaperonin-containing T-complex protein 1 (Kashuba et al., 2000) . Xap-2 is preferentially cytoplasmic, but was found to translocate to the nucleus upon expression of EBNA3A. Also, EBNA3A has been found to interact with a novel human uridine kinase/uracil phosphoribosyltransferase, which also translocates to the nucleus upon coexpression of EBNA3A (Kashuba et al., 2002) . Hickabottom et al. (2002) demonstrated that EBNA3A could also bind to CtBP, a cellular protein that is important in the regulation of the cell cycle and in the development and transformation of cells. These authors showed that EBNA3A was able to cooperate with activated Ras to transform rodent fibroblasts and that this transformation effect was dependent on the EBNA3A-CtBP physical interaction.
EBNA3A is targeted exclusively to the cell nucleus and localizes to discrete subnuclear granules within the cell nucleus (Petti et al., 1990) . Le Roux et al. (1993) showed that a motif of 10 aa (RDRRRNPASR) between residues 146 and 155 was involved in the nuclear localization of EBNA3A and they suggested that this was the only NLS within EBNA3A. However, an EGFP-tagged EBNA3A protein lacking the NLS identified by Le Roux and colleagues was targeted to the nucleus, indicating that EBNA3A must contain an additional NLS(s) (Fig. 1) . Generation of a series of EGFP-EBNA3A deletion mutants showed that there were at least two additional NLSs present in EBNA3A, as both the EGFP-EBNA3A
280-567 and EGFP-EBNA3A 568-819 proteins were targeted independently to the nucleus. The PSORT II program, an algorithm that uses a database of experimentally identified amino acid sequence motifs that direct proteins to their proper subcellular compartment (Nakai & Horton, 1999) , identified two NLSs in EBNA3A: a pattern 4 NLS (residues 63-66) and a pattern 7 NLS (residues 375-381), both of which were shown to be functional (Fig. 3) . Even though experimental data for the identification of NLSs are expanding rapidly, the diverse range of sequences that can act as an NLS makes producing a sequence from KRKR to KGGG by using site-directed mutagenesis. Each of the constructs was then transiently transfected into HeLa cells and their cellular localization was determined by confocal microscopy.
definitive list of consensus NLS sequences difficult (Hodel et al., 2001 ) and three of the NLSs defined within EBNA3A in this study, as well as the NLS defined by Le Roux et al.
(1993), were not detected by the PSORT II program.
Two types of EBV exist (type I and type II) that show sequence divergence within the genes encoding the EBNA-LP, -2, -3A, -3B and -3C gene products (Adldinger et al., 1985; Dambaugh et al., 1984; Sample et al., 1986; Sculley et al., 1989) . As EBNA3A is a nuclear protein, it might be expected that there would be conservation of the functional NLSs between the two virus types. Computer analysis of the Ag-876 type II EBNA3A protein sequence showed conservation of all the identified NLSs except NLS4, suggesting that the type II EBNA3A protein probably only has five functional NLSs. It is not understood why a single protein contains multiple NLSs; however, EBNA3A has multiple binding partners, with many of these partner proteins being present in the cytoplasm and recruited to the nucleus in the presence of EBNA3A. Under these circumstances, it is possible that interaction with cytoplasmic proteins may mask one or more of the NLSs in the EBNA3A protein and multiple NLSs would then be required to ensure that EBNA3A is targeted efficiently to the nucleus.
